Abstract-Over the last three decades, intensive work has been done to develop techniques aimed at accurate and efficient analysis of antenna radome systems. Some recent applications involve radars operating in the millimeter wave range and for those cases the radome size can be on the order of one hundred wavelengths or so in length. For practical simulations of such large radomes, a hybrid physical optics-method of moments (PO-MoM) technique is presented for accurate and efficient analysis of electrically large radomes. The procedure combines the Method Of Moments (MoM) for modeling the tip region of the dielectric radome and ray optics in conjunction with physical optics (PO) for treating the flatter smooth section of the radome. Calculated far-field patterns using the new technique agree well with measured data for a reflector antenna radiating in the presence of a large radome.
I. INTRODUCTION
N OSE radomes are often used to house airborne scanning radar antennas. They are also used to protect antennas from a variety of environmental and aerodynamical effects. A typical nose radome configuration is shown in Fig. 1 , consisting of an antenna (reflector, array, etc.) radiating a field that impinges upon the dielectric radome. The latter, in addition to serving as an aerodynamic structure, may also create undesirable blockage due to interactions of the antenna fields with the radome. Needless to mention, the radome's presence affects the antenna pattern (bore sight error and pattern distortion) leading to possible errors in the scanning and guidance of the nose antenna systems. A careful analysis of the antenna-radome system is thus appropriate. Such analysis should include effects associated with the radome's tip whose treatment is more difficult due to its associated diffraction. The latter is rather challenging when dealing with large size structures (over long and wide) that may also be composite/nonmetallic.
Several techniques have been developed for the analysis of antenna-radome structures aimed at providing accurate tools for radome design. These can be divided in two categories: 1) high-frequency (HF) methods based on ray tracing methods [1] - [4] or the so called plane wave surface integration technique O. Graham is with the Science and Applied Technology, Inc., Woodland Hills, CA 91367 USA.
Publisher Item Identifier S 0018-926X(01)10827-6. [5] and 2) low-frequency (LF) methods such as the method of moments (MoM) with resistive sheet modeling [6] - [8] , finite element method (FEM) [9] , finite element-boundary integral method (FE-BI) [10] , and the method of analytical regularization (MAR) [11] . HF methods assume locally planar surfaces and have been used successfully for the analysis of smooth spherical and cylindrical radomes. Being fast and easy to implement, HF methods permit the analysis of smooth tip radomes on the order of [4] . However, HF methods cannot be employed for the analysis of sharp radome tip as the local flat surface assumption is not satisfied at the tip. On the other hand, LF methods, although robust, are associated with extensive computational requirements. Thus, previously reported results [6] - [11] have been limited to small radomes on the order of a few wavelengths in length.
To take advantage of the robustness of LF methods and alleviate their computational demands, in this paper we propose a hybridization of HF and LF techniques. Under the proposed hybrid technique, the tip sector of the radome is modeled using the MoMs to take into account diffraction and multiple interactions which may be significant. Away from the tip, ray techniques in conjunction with physical optics (PO) are used to compute equivalent currents which are then combined with the MoM currents at the dielectric boundaries for complete modeling of the radome. Near zone antenna fields are computed at the inner surface of the radome to serve as the excitation for the MoM 0018-926X/01$10.00 © 2001 IEEE and PO currents. A body of revolution (BOR) radome structure is also assumed leading to further reduction in CPU time and memory requirements as the BOR assumption reduces the problem complexity from a problem down to a one. However, it should be noted that the proposed hybrid PO-MoM technique is not restricted to radome structures exhibiting BOR symmetry.
This paper is organized as follows. An overview of the proposed PO-MoM approach is first presented. We then proceed to discuss the MoM and PO/Ray techniques individually. The hybridization of the two techniques is given in Section II-D along with the resulting system of equations. Validation data and optimization details of the implementation for maximum CPU speed (without significant accuracy compromise) are given in Section III. At the end of the paper, we include comparisons with measurements for a large long radome illuminated by a diameter casegrain reflector.
II. OVERVIEW OF THE HYBRID METHOD
As noted in the introduction, the proposed hybrid method combines the MoM and a Ray/PO technique for modeling the radome structure (see Fig. 3 ). It should be noted that in the application of the surface equivalence principle, no back radiation is assumed (Fig. 2) . Thus, the back of the radome need not to be considered in the subsequent study.
MoM is used to treat the tip and formulate a system of equations for the surface equivalent currents whereas PO is employed in conjunction with ray principles away from the tip to model the field transmission through the flatter smooth section of the radome. As a result, the computationally intensive MoM is restricted to within a few wavelengths from the tip (it is shown later that this is sufficient for the required accuracy). This provides for a highly efficient and very fast implementation of large-scale radomes. A BOR radome structure is also assumed. This permits decomposition of the antenna fields into modes that can be treated separately and reduces the problem's dimensionality [12] .
Given the above premises, the implementation of the proposed hybrid technique is as follows: 1) First the antenna near fields are computed on the radome's inner surface as shown in Fig. 3 . These fields are then used as the excitation for the moment method and HF treatment of the radome. Near-field evaluation is particularly important for large reflector antennas which may cover the entire base of the radome. Thus, much of the radome section may lie in the near zone region of the antenna. In essence, this step decouples the antenna field computation from the radome effects. As a result, a detailed analysis of the antenna can be carried out including its substructure (edge effects, sub-reflector, struts, etc.). However, a drawback of this decoupling is that reverse coupling from the radome to the antenna is not included. Nevertheless, given the nose radome's design, such coupling is expected to be very small. 2) The near zone fields on the inner surface of the radome are next used to carry out the mode decomposition for subsequent analysis of the BOR radome. 3) PO currents are computed (in the PO region of the radome as indicated in Fig. 3 ) on the inner and outer surface of the radome using ray optics for including the multiply reflected and transmitted fields through the radome layer. A uniform dielectric layer is assumed in this paper. However, this is not a restriction of the technique. Also, given the assumption of no back radiation, no PO currents are placed at the back surface of the radome. 4) The PO currents are next cast into a subsectional basis representation for hybridization with the moment method. 5) Using the antenna fields (one mode at a time) and the precomputed PO currents as excitation, a MoM system is generated to find the MoM equivalent currents near the tip region. 6) The MoM matrix is finally solved and the computed equivalent MoM and PO currents over the radome surfaces are used to evaluate the radiated field through the radome. Optimum selection (in terms of CPU time and accuracy) of the various parameters such as the number of modes, integration variables and the MoM sector size play an important role in the overall efficiency of the analysis. An optimal selection of these parameters is thus appropriate for practical purposes. Below, we discuss the above steps in more details.
A. Modal Decomposition of the Incident Fields
After calculating the antenna near zone field components in the radome's coordinate system, we can proceed to decompose them into cylindrical modes in accordance with the BOR principles [12] . Since each mode has the same -dependence for all -angles, and the same is true with the geometry, the resulting scattered/transmitted field will also be of the same form (same mode). Thus, it suffices to only evaluate the currents/fields on a single cross section of the radome and to treat each mode independent of the others. Once each mode's scattered/transmitted fields are evaluated, the total radiated field is obtained by summing all mode contributions. For the sake of notation, the antenna field at a point on the radome's inner surface is represented as (1) Due to their period [12] , each of these components can be expanded as
where A similar decomposition needs to be also carried out for the magnetic field components.
B. MoM Formulation
MoM is used to model the sharp tip portion of the radome as illustrated in Fig. 3 . MoM is formulated by invoking the surface equivalence principle and introducing the equivalent electric and magnetic currents on the outer and inner radome surface as shown in Fig. 3 . There are four sets of currents to consider. The first and second sets refer to the currents in the MoM region on the inner and outer surface of the radome, respectively. The third and fourth sets are the currents in the PO region on the inner and outer surface of the radome, respectively. Throughout the paper, the subscripts 1 and 2 will be used to denote the radome's inner and outer surface currents, respectively. Also, subscripts MM and PO will be used to denote the MoM region and the PO region, respectively (Fig. 3) . For example, refers to the equivalent electric current on the inner surface of the MoM section of the radome. All equivalent currents will be expanded in terms of triangular basis functions [12] for BOR. Expansions for the equivalent currents (in the PO and MoM regions) take the form
where is the free space impedance, refers to the electric currents and refers to the magnetic currents. As usual, and are the unknown coefficients of the expansion. The basis functions and are given by in which is the triangle function spanning the th annulus. We observe that the current density expressions are normalized by the radius of the radome at the tip of the triangle. Also, as shown in Fig. 4 , is the unit vector tangent to the radome and , where is the unit normal to the radome generating curve.
To solve for and , continuity of the tangential fields through the radome is enforced to construct the combined field integral equation (CFIE). Subsequently, upon employing Galerkin's testing in conjunction with BOR principles [13] , [14] , we obtain the following matrix system: (4) Here and are rows containing the unknown coefficients in the expansion (3). The submatrices and are based on the operators given in the Appendix [13] , [14] The above system of equations involves a large number of unknowns equals to . As illustrated in Fig. 5 , refers to the unknowns in the MoM section and denotes the corresponding number of unknowns on the PO surfaces. In the next section, PO and ray optics will be used to predetermine the unknowns in the PO section. This will eliminate unknowns from the left-hand side of the system, and thus reduce the total number of unknowns down to .
C. PO Region Modeling
The PO is a HF technique for calculating the surface currents induced on metallic or dielectric surfaces due to an incident electromagnetic field [15] . The PO approximation has been found appropriate for structures with radii of curvature much larger than the wavelength of the incident field. Thus, in our formulation, the PO sector covers the flatter surface of the radome (see Figs. 3 and 5) , where the assumption of a locally flat surface can be invoked. Based on PO, the equivalent electric and magnetic currents are calculated in terms of the total fields on the internal and external radome surfaces. More explicitly we have
where and are the unit normals illustrated in Figs. 6 and 7, whereas and refer to the incident, reflected and transmitted fields, respectively. As can be understood, these must be cast in terms of the expansion (3) for incorporation into the system (4). The fields are those radiated by the antenna and evaluated at the inner radome surface. The reflected fields are evaluated using ray optics considering all multiple interactions (see Fig. 7 ) through the slab. They are given by where is the propagation direction of the incident wave and
The above reflection and transmission coefficients account for all interactions within the slab [16] and are given by and refer to the propagation delays through the radome shell, is the thickness of the shell, is the free space propagation constant and is the radome shell's dielectric constant.
As mentioned earlier in Section II-B, the PO currents are used to reduce the number of unknowns in the MoM matrix. To accomplish this, the calculated PO currents are expanded in terms of the same triangular basis functions used in the MoM expansion (see Fig. 5 ). The relations between the PO currents and the expansion coefficients are
where is the inner radius of the radome shell at the point and is the outer radius of the radome shell at the same point (see Fig. 6 ). The known PO current allows for the explicit evaluation of the coefficients in the PO current expansion (3) using (10) . These PO coefficients can next be introduced into the MoM matrix (4) to generate the hybrid PO-MoM matrix.
D. Hybrid PO-MOM Solution
Having available the PO approximations for the equivalent electric and magnetic currents as given in (5)- (10), we next proceed to introduce these into the MoM system (4). This amounts to substituting and by their corresponding PO approximations. The process results in the new system are given in (11) at the bottom of the page. As seen, all contributions from the PO currents have been moved to the right-hand side and serve as the excitation for the radome tip currents. This new system contains only unknowns and is readily solved to obtain the currents on the inner and outer surfaces of the radome. The currents on the outer surface are subsequently used to calculate the far-field pattern. It should be pointed out that the reduction in the number of unknowns results in significant savings in CPU time and memory requirements as compared to the pure MoM formulation. This will be illustrated by numerical examples in the next section.
III. RESULTS AND OPTIMIZATION
As a first step, we perform a validation of the formulation for a medium size problem. We will then proceed to optimize the implementation of the hybrid PO-MoM method. Measured data are also given for comparison with predictions for a long radome. As our initial validation example, we choose a transparent radome with the antenna being a circular aperture radiating in free space. Fig. 8 shows the dimensions of the radome structure. It consists of a long radome having a base diameter, excited by a circular aperture antenna placed at the radome base. The aperture's inner and outer diameters are and wide, respectively, and its distribution is uniform . As seen in Fig. 8 , there is good agreement between the exact and numerically computed pattern. The exact pattern for this case of a transparent radome is the excitation field given by (12) where and denotes the outer aperture radius and is the inner radius. Also, is the first order Bessel function and are the usual spherical coordinates. For reference, our PO-MoM numerical (11) implementation was carried out using 150 segments along the radome arc and the moment method was restricted up to from the tip (i.e., ). We observe that the first two side lobes of the PO-MoM solution are no more than 1 dB different from the exact pattern at the peaks. Also, the hybrid PO-MoM solution shows some expected oscillations in the third side lobe which is below dB from maximum. These oscillations occur around the exact solution and are attributed to the small discontinuity between the PO and MM currents at the transition of the corresponding regions. Thus, they are indication of the smoothness between the currents through the transition of the computation regions. Since the oscillations are 40 dB below maximum, there was no need to consider a smoothing function at the MoM to PO transition region. The CPU time of this unoptimized implementation of the PO-MoM was 16 minutes and 40 seconds on a 233-MHz PC. The CPU time of the PO-MoM implementation can be reduced dramatically without appreciable compromise in accuracy. More specifically, the long radome considered above can be simulated in 1 min and 40 s, a reduction in CPU time by a factor of 16 by optimizing the various parameters in the numerical implementation. The parameters of interest are the following: 1) Gaussian integration points for the matrix elements evaluation: 4 points are usually sufficient. 2) Radome discretization: Adaptive sampling according to the radome's size is used, typically 161 samples were used for the radome's inner and outer surfaces as relates to the example at hand (the generating curve is long). 3) Near-zone aperture field integration: Adaptive sampling is used where the number of integration segments is a function of the aperture radius. Four points along the radial direction were used for the example at hand. In the azimuthal direction, due to symmetry, ten sample points were used. 4) Mode decomposition integrals: The number of modes is usually proportional to the radius of the radome. However, we found that 10 modes are sufficient even for wide radomes excited by circular apertures with some asymmetry. Note that here implies 21 modes starting by mode number till mode number 10. Fig. 9 shows comparisons of results based on the exact and optimized (based on the recommended parameters given above) hybrid PO-MoM solutions. This should be contrasted to the comparisons shown in Fig. 8 . Clearly, the optimized implementation ( Fig. 9) gives nearly identical results to those based on the unoptimized implementation Fig. 8 . The above transparent radome test case served as an initial validation of the PO-MOM technique. However, for a more robust validation, we consider the same dimensions of this transparent radome but with a dielectric constant and the aperture tilted by 10 . The small aperture will result in a wide beamwidth that will stress the PO-MOM accuracy. As displayed in Fig. 10 , the PO-MOM (with ) is in good agreement with the full MOM in sidelobe levels. The main beam is slightly different in level but the beam tilt and shape are well predicted.
Having optimized the numerical implementation, we next proceed to model an aperture radiating in the presence of a large scale transparent radome spanning in length and in base diameter. The aperture antenna is located at the base of the radome and consisted of a diameter uniformly excited annular ring with a inner diameter (subreflector blockage). This radome was modeled using 9 segments per wavelength and 927 sampling points along the radome's inner surface. Also, for this particular example, the system matrix was of order 106 (per Fourier mode), the number of PO points on the radome inner surface was 887; the number of PO points on the radome outer surface was 885, the number of MoM points on the radome inner surface was 43; and the number of MoM points on the radome outer surface was 69. The near-zone fields on the radome surface were evaluated numerically (using 57 points along the aperture radial direction and 10 points along the azimuthal direction). In carrying out the integral, we used the recommended number of modes and the number of Gaussian integration points noted above. As seen in Fig. 11 , the agreement between the exact solution (for a transparent radome) and that based on the hybrid PO-MoM is excellent in the main lobe. Also, the first null and first side lobe level were precisely predicted. A difference of about 4 dB in the second side lobe (which is dB from the maximum) is observed, whereas all other lobes are in close agreement. However, the CPU time for this large radome was only 4 h and 30 min on a 233-MHz PC and this should be contrasted to the several hundreds of hours required without hybridization and parameter optimization.
As mentioned before, the transparent radome used above served the purpose of validating the optimized implementation accuracy of the PO-MoM solution applied to a large radome case. We now demonstrate that for large radomes excited by large apertures, the proposed optimized PO-MOM solution is still valid. As an example, we consider the case of the radome in Fig.  11 but having and excited by the source pattern shown in Fig. 12 . To validate the PO-MoM, we compare the pattern with the use of to that obtained with . As seen in Fig. 12 , both cases are in very good agreement. Thus, the case with can be considered as the full MoM solution. Since the solution has converged, i.e., no change in pattern as we increase , then this assumption is justifiable. Similar comparisons are shown in Fig. 13 for the same radome with the aperture antenna tilted 5 .
Of particular interest is the solution convergence as the number of modes and the length of the MoM region is increased. It was found that ten modes are enough for the convergence of the solution. Also, setting to about is a good compromise between speed and accuracy. Below this value of , the solution may not be accurate and for there is typically little improvement in accuracy. Following the above validation examples and parameter optimizations, we next proceed to test the formulation and the associated implementation by comparing simulated and measured data. The dimensions of the test radome are shown in Fig. 15 . This radome is long, has a base diameter and is excited by an antenna aperture placed at the radome base. The aperture's inner and outer diameters are and , respectively. Also, the antenna has tapered distribution. The free-space pattern for this excitation is shown in Fig. 14 where we observe the asymmetric feed pattern. Consequently, the final pattern in the presence of the radome is also asymmetric. As seen from Fig. 15 , the simulated and measured data show excellent agreement in the main beam, the first nulls are fairly matched and the first side lobes show good agreement. Clearly, the hybrid PO-MoM simulation predicted with great accuracy the main beam, including its asymmetry due to radome scattering effects. For the second left side lobe, the hybrid PO-MoM predicted dB and the measured value was dB. Below these values, no close agreement can be expected due to the high noise floor of the chamber. It should be also noted that for such applications, the main beam is very narrow and the range of interest is around from the peak. Indeed, in this range, the agreement between the hybrid PO-MoM and the measured data is very good.
IV. CONCLUSION
A new technique based on a Hybrid PO-MoM was introduced to evaluate the radiation pattern of nose radome antennas by combining LF and HF techniques. The technique was demonstrated to be accurate and efficient for the analysis of large scale radomes on the order of in length enclosing antennas on the order of in diameter.A summary ofthe formulation was presented and several validation examples were given including comparisons with measurements for a long test radome. Of particular interest in our work was the optimization of the implementation without appreciable compromise in accuracy. In this regard, parameter value recommendations were given which allowed for nearly 20 times in CPU speed up without appreciable loss of accuracy. The index refers to the th triangle function spanning the th annulus on the inner surface and the index refers to the th trianglefunction on the outer surface . The angles and are measured between the -axis and the segments and , respectively. Also, represents a four impulse approximation of the triangle basis function for numerical evaluation, is the value of at the th point along the th annulus and is the segment length at the th point along the radome inner arc. Further is the four impulse approximation of the derivative of the triangular basis function [17] . All other parameters in the above expressions are given in the main text of the paper. For 38 years, he was with Hughes Aircraft Company, Los Angeles, where he served as a Division Chief Scientist for the Missile Development Division. His research was mainly in the design and development of microwave components and assemblies for a number of radar guided missiles, including Falcon, Phoenix, and AMRAAM. His professional experience has been in applied electromagnetic theory with particular emphasis on the theory and design of antennas, hypersonic radomes, and microwave/millimeter wave circuit components for radar guided missile applications. Upon his retirement from Hughes Aircraft Company, he joined Science and Applied Technology, Woodland Hills, CA., where he has been responsible for the design and development of active and antiradiation millimeter wave seekers for missile applications. He is currently the Project Manager for Microwave/Millimeter Wave Technology.
